Frangogiannis NG. Thrombospondin-1 regulates adiposity and metabolic dysfunction in diet-induced obesity enhancing adipose inflammation and stimulating adipocyte proliferation. Am J Physiol Endocrinol Metab 305: E439 -E450, 2013. First published June 11, 2013 doi:10.1152/ajpendo.00006.2013.-As a typical matricellular protein, thrombospondin (TSP)-1, binds to the structural matrix and regulates cellular behavior by modulating growth factor and cytokine signaling. Obesity and diabetes are associated with marked upregulation of TSP-1 in adipose tissue. We hypothesized that endogenous TSP-1 may play an important role in the pathogenesis of diet-induced obesity and metabolic dysfunction. Accordingly, we examined the effects of TSP-1 gene disruption on weight gain, adiposity, and adipose tissue inflammation in mice receiving a high-fat diet (HFD: 60% fat, 20% carbohydrate) or a high-carbohydrate low-fat diet (HCLFD: 10% fat, 70% carbohydrate). HFD mice had significantly higher TSP-1 expression in perigonadal adipose tissue; TSP-1 was predominantly localized in the adipose interstitium. TSP-1 loss attenuated weight gain and fat accumulation in HFD and HCLFD groups. Compared with corresponding wild-type animals, TSP-1-null mice had decreased insulin levels but exhibited elevated free fatty acid and triglyceride levels, suggesting impaired fatty acid uptake. TSP-1 loss did not affect adipocyte size and had no effect on adipose vascular density. However, TSP-1-null mice exhibited attenuated tumor necrosis factor-␣ mRNA expression and reduced macrophage infiltration, suggesting a role for TSP-1 in mediating obesity-associated inflammation. In vitro, TSP-1 enhanced proliferation of 3T3-L1 preadipocytes but did not modulate inflammatory cytokine and chemokine synthesis. In conclusion, TSP-1 upregulation contributes to weight gain, adipose growth, and the pathogenesis of metabolic dysfunction. The effects of TSP-1 may involve stimulation of adipocyte proliferation, activation of inflammatory signaling, and facilitated fatty acid uptake by adipocytes. matricellular proteins; adipocyte; obesity; inflammation; macrophage TISSUE REMODELING REQUIRES the active participation of the extracellular matrix. In injured and remodeling tissues, activated cells produce and secrete matricellular proteins, macromolecules that do not play a structural role but bind to the matrix and serve as molecular bridges that transduce growth factor-mediated signals and mediate cellular responses (2, 30). Thrombospondin (TSP)-1, a prototypical matricellular protein (1), is not expressed in most normal adult tissues but is markedly upregulated in injury, neoplasia, and repair (11, 21, 25) . When bound to the matrix, TSP-1 modulates cellular phenotype either through direct integrin-mediated actions or via activation of growth factor cascades. Extensive in vitro and in vivo evidence suggests that TSP-1 is a crucial activator of transforming growth factor (TGF)-␤ (7), exerts potent angiostatic effects (20), and modulates inflammatory cascades through effects on monocytes/macrophages (8) and on T lymphocytes (14).
TISSUE REMODELING REQUIRES the active participation of the extracellular matrix. In injured and remodeling tissues, activated cells produce and secrete matricellular proteins, macromolecules that do not play a structural role but bind to the matrix and serve as molecular bridges that transduce growth factor-mediated signals and mediate cellular responses (2, 30) . Thrombospondin (TSP)-1, a prototypical matricellular protein (1) , is not expressed in most normal adult tissues but is markedly upregulated in injury, neoplasia, and repair (11, 21, 25) . When bound to the matrix, TSP-1 modulates cellular phenotype either through direct integrin-mediated actions or via activation of growth factor cascades. Extensive in vitro and in vivo evidence suggests that TSP-1 is a crucial activator of transforming growth factor (TGF)-␤ (7), exerts potent angiostatic effects (20) , and modulates inflammatory cascades through effects on monocytes/macrophages (8) and on T lymphocytes (14) .
Obesity is associated with extensive remodeling of the adipose tissue. The marked expansion of fat requires a highly plastic and dynamic extracellular matrix to support and accommodate the growth (40) . The role of the matrix in the adipose tissue is not limited to providing structural support. Alterations in the composition of the adipose extracellular matrix modulate phenotype and function of both adipocytes and nonadipocytes, facilitating transduction of cytokine and growth factor signals. Several matricellular proteins are upregulated in activated adipose tissue and may modulate weight gain and adipocyte function. Expression of osteonectin/secreted protein acidic and rich in cysteine (SPARC) is upregulated in both genetic and diet-induced models of obesity (41) and suppresses adipocyte morphogenesis by enhancing ␤-catenin signaling (3, 32) . Members of the TSP family are also highly expressed in adipose tissue in both experimental rodent models and in obese human patients (46, 18, 37, 43, 44) ; however, their role in weight gain and metabolic dysfunction remains controversial. Studies in human patients demonstrated that TSP-1 expression in visceral adipose tissue was strongly associated with obesity, insulin resistance, and adipose inflammatory activity (44) . In an experimental model of high-fat diet-induced obesity, TSP-1 loss did not affect weight gain but improved glucose tolerance and attenuated insulin resistance (28) . In contrast, another recent study demonstrated that TSP-1 worsened glucose tolerance despite an increase in pancreatic islet mass (34) .
To investigate the role of TSP-1 in weight gain and metabolic dysfunction in diet-induced obese mice we systematically compared the effects of two different diets, a high-fat diet (HFD) and a high-carbohydrate low-fat diet (HCFLD), on adiposity, metabolic function, adipose tissue morphology, inflammation, and fibrosis in TSP-1-null and WT mice. We found that TSP-1 loss significantly attenuated weight gain and adiposity while reducing metabolic dysfunction in diet-induced obese animals. TSP-1-null animals had reduced adipose tissue inflammation and attenuated TGF-␤ expression but exhibited comparable adipose vascular density. In vitro, TSP-1 increased proliferative activity in 3T3-L1 preadipocytes without affecting their inflammatory gene expression profile. Our findings suggest that TSP-1 upregulation in adipose tissue increases weight gain and accentuates adipose inflammatory activity; its effects may be mediated, at least in part, through enhanced adipocyte proliferation.
MATERIALS AND METHODS
Animal models of diet-induced obesity. We used wild-type (WT) C57BL/6J mice and mice with a targeted disruption of TSP-1 (12, 27) in a C57BL/6J background. TSP-1-null mice (originally donated by Dr. Jack Lawler, Harvard Medical School) and WT animals were not littermates but were all derived from our own colonies and were bred and maintained under identical conditions to test the effects of distinct dietary interventions. TSP-1-null mice in a C57BL/6J background survive past 2 yr of age and do not develop a systemic illness (11, 19) . All animal studies were approved by the Institutional Animal Care and Use Committee at Albert Einstein College of Medicine and the Animal Protocol Review Committee at Baylor College of Medicine. Experimental feeding was initiated at 1 mo of age. WT and TSP-1-null (Ϫ/Ϫ) mice were randomized to receive ad libitum a highcarbohydrate low-fat diet (HCLFD, D12450B, OpenSource Diets; 20% protein, 70% carbohydrate, 10% fat) or a high-fat diet (HFD, D12492, Open Source Diets; 20% protein, 20% carbohydrate, 60% fat[lard]) for 5 mo (female HCLFD: WT n ϭ 21, Ϫ/Ϫ n ϭ 9; male HCLFD: WT n ϭ 19, Ϫ/Ϫ n ϭ 8; female HFD: WT n ϭ 24, Ϫ/Ϫ n ϭ 8; male HFD: WT n ϭ 15, Ϫ/Ϫ n ϭ 5). At 6 mo of age, the animals were euthanized, and perigonadal adipose tissue was used for histological studies or RNA extraction. Subcutaneous adipose tissue was also harvested and was used for histological analysis.
Additional groups of WT C57BL/6J and TSP-1-null mice were fed a regular chow diet (Laboratory Rodent Diet 5001, LabDiets, St. Louis, MO; 28.5% protein, 58% carbohydrate, 13,5% fat) for 6 mo and underwent indirect calorimetry experiments to assess food intake and energy expenditure studies (n ϭ 7 per group). Subcutaneous and perigonadal adipose tissues were harvested from 2-mo-and 6-mo-old WT and TSP-1-null mice fed a chow diet (n ϭ 13) and were used for RNA extraction.
Assessment of adiposity. Lean and fat tissue mass was measured in WT (HCLFD, n ϭ 15; HFD, n ϭ 15) and TSP-1 Ϫ/Ϫ mice (HCLFD, n ϭ 10; HFD, n ϭ 19) at 2, 4, and 6 mo of age by dual-energy X-ray absorptiometry (DEXA) using the PIXImus Densitometer (Lunar, Madison, WI). Each mouse was anesthetized in a chamber for the entire procedure (5% isoflurane and 95% oxygen at 4 l/min). Once anesthetized, each mouse was placed in the densitometer in the prone position, with the limbs and tail extended. Data were analyzed with the PIXImus software (v. 2.0; GE/Lunar).
Assessment of metabolic parameters. Animals used for assessment of metabolic parameters in serum were euthanized at 6 mo of age, and blood was collected by aortic puncture into EDTA anticoagulantcoated tubes. Plasma was extracted by centrifugation at 850 g for 15 min at 4°C and stored at Ϫ80°C. Mice were fasted for 12 h before collection of the blood. Serum leptin and insulin were measured using mouse enzyme-linked immunosorbent assay kits (from Minipore and Crystal Chem, respectively). Glucose levels were measured by the glucose oxidase method (GM7; Analox, London, UK). HOMA-IR was calculated as fasting insulin (U/ml) ϫ fasting glucose (mmol/ l)/22.5. Total cholesterol was measured using a colorimetric enzymatic method (Wako Cholesterol E, Wako Pure Chemicals Industries) according to manufacturers' instructions. Triglycerides were quantified using Thermo DMA reagent (cat. no. TR22203; Thermo Electron, Middletown, VA). Nonesterified fatty acids were determined by enzymatic colorimetric assay [NEFA-HR (2) kit, Wako Diagnostics, Richmond, VA].
Indirect calorimetry. Metabolic rate was assessed in 6-mo-old WT and TSP-1-null animals fed a chow diet (n ϭ 7 per group) using the Comprehensive Laboratory Animal Monitoring System (Columbus Instruments, Columbus, OH). Data on O 2 consumption (V O2) and CO 2 production (V CO2) were monitored and collected at the inlet and outlet of the sealed chambers collected every 5 min for 24 h. Feeding episodes were monitored with precision balances and were continuously recorded to calculate food intake. Energy expenditure was calculated as follows: energy expenditure ϭ (3.815 ϩ1.232 ϫ respiratory quotient) ϫ V O2.
Processing of adipose tissue, immunohistochemistry, and quantitative histology. Subcutaneous and perigonadal adipose tissues from 6-mo-old animals were fixed in zinc formalin and embedded in paraffin, and 5-m sections were cut. To quantitate adipocyte size, three sections from each sample stained with hematoxylin-eosin were used to measure the cross-sectional area of 50 adipocytes with Axiovision image analysis software. The mean adipocyte area was determined for each mouse. For quantitative analysis of macrophage density, Mac2 staining was used as previously described (5), and the ratio of macrophage to adipocyte numbers was measured. For quantitation of microvascular density, Griffonia simplicifolia-I lectin staining was used as previously described (36) , and the number of microvascular profiles to adipocytes was counted. TSP-1 immunohistochemistry was performed using a mouse monoclonal antibody to TSP-1 (1:25, NeoMarkers) and the UltraVision LP Detection System (Thermo Scientific) as previously described (47) . Ten mice from each group were used for quantitative histological analysis.
RNA extraction and qPCR. Total RNA was extracted from perigonadal adipose tissue or from stimulated cells by use of a RNeasy Lipid Tissue Mini Kit (Qiagen). cDNA was amplified using the EvaGreen Supermix reagent and the C1000 thermal cycler apparatus from Bio-Rad following the manufacturer's recommendations. TSP-1, leptin, TNF-␣, IL-1␤, IL-6, monocyte chemoattractant protein (MCP)-1/CCL2, interferon-␥-inducible protein (IP)-10/CXCL10, TGF-␤1, and collagen type I␣1 mRNA levels were assessed. Primer sequences are listed in Table 1 . The housekeeping gene GAPDH was used as internal control. The qPCR procedure was repeated three times in independent runs; expression levels were calculated using the ⌬⌬C T method.
Stimulation of 3T3-L1 preadipocytes, proliferation studies and assessment of inflammatory gene expression. 3T3-L1 preadipocytes (American Type Culture Collection, Manassas, VA) were cultured in Dulbecco's modified Eagles's Medium (DMEM) containing 10% fetal bovine serum (FBS) in a 37°C incubator with 5% CO2. Proliferation of 3T3-L1 preadipocytes was assessed using a colorimetric BrDU cell proliferation ELISA kit (Roche) following the manufacturer's instructions. Cells were seeded in 96-well plates, after 1-day serum starvation and then stimulated with 100 ng/ml leptin, 300 ng/ml leptin, 100 ng/ml TSP-1, 300 ng/ml TSP-1, 100 ng/ml leptin ϩ 300 ng/ml TSP-1, or 300 ng/ml leptin ϩ 300 ng/ml TSP-1 in DMEM, in the presence or absence of 1% FBS. Each condition was run in triplicate in three independent experiments. Cell proliferation measurements for each experiment were normalized to the mean proliferation of cells cultured without FBS.
For assessment of inflammatory gene expression, 3T3-L1 preadipocytes were grown 2 days after complete confluence, and then differentiation was induced by incubation in DMEM containing 10% FBS plus 0.5 mM isobutylmethylxanthine (IBMX), 1 mM dexamethasone, and 167 nM insulin. After 3 days of incubation, the cells were maintained in DMEM containing 10% FBS and 167 nM insulin for 3 days followed by culturing with DMEM plus 10% FBS for an additional 2 days, at which time more than 90% of cells were mature adipocytes with accumulated fat droplets. Mature adipocytes were serum-starved overnight and then stimulated with vehicle, TSP-1 (300, 600 ng/ml), leptin (100, 300 ng/ml), TNF-␣ (10 ng/ml), IL-1␤ (10 ng/ml), or TGF-␤1 (10 ng/ml) for 4 h. Cells were then harvested and used to quantitate inflammatory gene expression.
Statistical analysis. Data are expressed as means Ϯ SE. Statistical analysis was performed with one-way ANOVA and Tukey's multiple comparison test using GraphPad Prism software. P Ͻ 0.05 was considered to be significant.
RESULTS

TSP-1 upregulation in mouse adipose tissue.
We used qPCR analysis to assess TSP-1 mRNA expression in adipose tissue of diet-induced obese mice. Mice fed the regular chow diet had significantly increased TSP-1 mRNA expression in perigonadal adipose tissue at 6 mo of age compared with 2-mo-old animals ( Fig. 1A) . A trend toward an age-related increase in TSP-1 expression was also noted in subcutaneous fat (Fig. 1A) . In age-matched animals, TSP-1 expression was comparable between perigonadal and subcutaneous fat. At 6 mo of age, mice fed the HFD had higher TSP-1 mRNA levels in perigonadal fat than animals fed the HCLFD (Fig. 1B) ; in contrast, in subcutaneous fat TSP-1 expression was comparable between the groups. Immunohistochemical staining of adipose tissue from HFD and HCLFD mice showed TSP-1 localization in adipose interstitium and in perivascular areas but not in adipocytes (Fig. 1C) . In vitro, undifferentiated 3T3-L1 preadipocytes, but not differentiated adipocytes, expressed high TSP-1 mRNA levels (Fig. 1D) . In differentiated adipocytes, TGF-␤1 stimulation (10 ng/ml) significantly upregulated TSP-1 mRNA synthesis. In contrast, stimulation of 3T3-L1 adipocytes with leptin (100 -300 ng/ml), TNF-␣ (10 ng/ml), or IL-1␤ (10 ng/ml) did not significantly affect TSP-1 synthesis (Fig. 1E) .
TSP-1 loss attenuates weight gain in mice fed HCLFD or HFD. Both male and female TSP-1-null mice had significantly attenuated weight gain when fed the HCLFD diet, exhibiting reduced weight after 1-2 mo of feeding (Fig. 1, F and H) . The effects of TSP-1 loss were less impressive in animals fed the HFD: only male mice had a late attenuation of weight gain (after 4 mo of feeding), whereas female TSP-1-null animals had comparable weight curves with corresponding TSP-1-null mice (Fig. 1, G and I) .
TSP-1-null mice exhibit reduced adiposity when fed HCLFD or HFD. In both diet groups, the age-related increase in length was reduced in the absence of TSP-1, possibly reflecting the spinal abnormalities observed in TSP-1-null animals (27). After 5 mo of feeding (at 6 mo of age), TSP-1 deficiency significantly attenuated the increase in adiposity in both HCLFD and HFD groups (Fig. 2 , A-D, and Tables 2, 3 , and 4). Between 2 and 6 mo of age, both HCLFD and HFD mice exhibited significant increases in fat weight; TSP-1 loss was associated with a marked reduction in adipose tissue gain (see Table 4 ). Over this 4-mo period, male TSP-1 Ϫ/Ϫ mice fed the HCLFD had a 26.2ϩ6.7% increase in fat weight (vs. a 172.7ϩ38.1% increase in WT animals, P Ͻ 0.01). Female mice on the HCLFD also exhibited reduced adipose tissue growth (%change in fat content: TSP-1-null 60.6ϩ14.2 vs. WT 135.5%ϩ17.1, **P Ͻ 0.01; Table 4 and Fig. 2 , A-D). Feeding with the HFD significantly increased adiposity. At 6 mo of age, WT mice fed a HFD had significantly increased fat content compared with HCLFD animals (Tables 2 and 3 ). Much as in HCLFD animals, TSP-1 loss markedly attenuated adipose tissue growth in both male and female mice fed the HFD (Table 4 ). The rate of fat weight increase in HFD animals was 3.8 -3.9 times lower in male and female TSP-1-null mice compared with corresponding sex-matched WT groups. Abdominal fat weight and percent abdominal fat content were also significantly reduced in TSP-1-null animals.
TSP-1 loss does not affect food intake and energy expenditure. To examine whether reduced weight gain in TSP-1-null mice was due to alterations in food intake or energy expenditure, we performed indirect calorimetry in 6-mo-old WT and TSP-1-null mice fed the regular chow diet. We found no significant differences in food intake (Fig. 2E) or energy expenditure (Fig.  2F ) between groups.
TSP-1 loss is associated with reduced insulin levels and HOMA-IR but increased FFA and triglyceride levels in mice fed HFD. Metabolic function was compared between WT and TSP-1-null animals at 6 mo of age. HFD mice had significantly higher serum insulin levels and HOMA-IR than HCLFD animals, reflecting worse metabolic function. TSP-1 loss was associated with reduced glucose levels in mice fed the HCLFD but not in animals fed the HFD (Fig. 3A) . Compared with WT animals, TSP-1-null mice had lower insulin levels ( Fig. 3B ) and decreased HOMA-IR (Fig. 3C ) in both HCLFD and HFD groups, suggesting that TSP-1 loss improved insulin resistance. Plasma cholesterol levels were reduced in TSP-1-null mice fed the HCLFD but not in animals fed the HFD (Fig. 3D) . In contrast, serum FFA and triglyceride levels were significantly increased in TSP-1-null mice fed the HFD compared with corresponding WT animals (Fig. 3, E and F) . Plasma leptin levels (Fig. 3G) were also reduced in TSP-1-null mice fed the HCLFD but not in animals fed the HFD compared with corresponding diet-matched WT controls. Reduced serum leptin levels in TSP-1-null mice fed the HCLFD were associated 
TCAGATACCGTCGTAGTT CTTTAAGTTTCAGCTTTGCA with attenuated leptin mRNA transcription in the perigonadal adipose tissue (Fig. 3H) . TSP-1 loss does not significantly affect adipocyte size. To examine whether reduced adiposity in TSP-1-null mice was due to changes in adipocyte size, we compared the mean adipocyte area in subcutaneous and perigonadal adipose tissue harvested from WT and TSP-1-null mice (Fig. 4A) . In perigonadal fat, WT and TSP-1-null mice fed the HFD had significantly larger adipocytes than corresponding animals fed the HCLFD (Fig. 4B) . TSP-1 absence did not significantly affect adipocyte size in HCFLD or HFD mice. In the subcutaneous fat, mean adipocyte size was not significantly different between animals fed the HFD or the HCLFD and was not affected by TSP-1 loss (Fig. 4C) .
WT and TSP-1-null mice have comparable vascular density in adipose tissue. Because TSP-1 is a potent angiostatic mediator (26), we examined whether the effects of TSP-1 loss on weight gain, adiposity, and metabolic dysfunction were due to alterations in the vascular supply of the adipose tissue. To quantitate the density of the adipose vasculature, we used two independent strategies: 1) quantitative histochemical analysis of GS-Iϩ microvascular profiles and 2) assessment of mRNA expression of the endothelial-specific genes CD31 and VEcadherin. WT and TSP-1-null mice had comparable microvessel-to-adipocyte ratios when fed the HCLFD or the HFD, suggesting that TSP-1 loss did not significantly affect adipose vascular density (Fig. 5, A and B) . Feeding with the HFD significantly increased CD31 (Fig. 5C ) and VE-cadherin (Fig.   Fig. 1 . Thrombospondin-1 (TSP-1) expression in mouse adipose tissue. A: TSP-1 mRNA expression was assessed using qPCR in perigonadal (PG) and subcutaneous (SC) adipose tissue harvested from 2-and 6-mo-old wild-type (WT) C57BL/6J mice fed a regular chow diet (**P Ͻ 0.01 vs. 2 mo old). A significant increase in TSP-1 mRNA expression was noted at 6 mo of age. B: mice fed a high-fat diet (HFD) had higher TSP-1 mRNA expression in perigonadal adipose tissue than animals fed a high-carbohydrate low-fat diet (HCLFD) (*P Ͻ 0.05). In contrast, in subcutaneous fat, TSP-1 mRNA expression was comparable between groups (HFD, n ϭ 8; HCLFD, n ϭ 8; chow diet, n ϭ 13). C: immunohistochemical staining localized TSP-1 immunoreactivity in adipose interstitium in HFD and HCLFD groups; however, staining was more intense in HFD animals (B). Adipose tissue harvested from TSP-1-null mice showed minimal staining for TSP-1. D: undifferentiated 3T3-L1 preadipocytes showed high levels of TSP-1 mRNA expression. Adipocyte differentiation markedly reduced TSP-1 mRNA expression in 3T3-L1 cells (**P Ͻ 0.01, n ϭ 3). E: in differentiated 3T3-L1 adipocyte stimulation, TSP-1 expression was not induced by leptin (100 -300 ng/ml) or proinflammatory cytokines IL-1␤ and TNF-␣. In contrast, TGF-␤ significantly increased TSP-1 synthesis by 3T3-L1 cells (*P Ͻ 0.05 vs. control, n ϭ 3). F-I: TSP-1-null mice exhibit reduced weight gain. Both female (F) and male TSP-1-null mice (H) fed HCLFD gained significantly less weight than WT controls. Male TSP-1-null mice fed HFD had reduced weight gain after 5-6 mo of feeding (I); in contrast, weight gain in female mice fed HFD was not affected by loss of TSP-1 (G) (female HCLFD: WT n ϭ 21, Ϫ/Ϫ n ϭ 9; male HCLFD: WT n ϭ 19, Ϫ/Ϫ n ϭ 8; female HFD: WT n ϭ 24, Ϫ/Ϫ n ϭ 8; male HFD: WT n ϭ 15, Ϫ/Ϫ n ϭ 5). 5D) mRNA levels; however, TSP-1 loss did not affect endothelial-specific gene expression in adipose tissue.
TSP-1 loss is associated with attenuated adipose tissue macrophage infiltration in mice fed HCLFD. Because TSP-1 is a modulator of the inflammatory response, we examined whether reduced metabolic dysfunction in TSP-1-null mice was due to decreased macrophage accumulation in the adipose tissue. Animals fed the HFD had a significantly higher macrophage:adipocyte than mice fed the HCLFD (Fig. 6, A and B) . TSP-1 absence reduced macrophage infiltration in mice fed the HCLFD but not in animals on the HFD (Fig. 6B) . Assessment of CD68 mRNA expression in the adipose tissue confirmed the immunohistochemical findings showing that mice on the HFD had increased CD68 mRNA levels and that TSP-1 loss attenuated adipose CD68 mRNA expression in HCLFD mice but not in HFD animals (Fig. 6C) .
Effects of TSP-1 loss on adipose tissue inflammatory gene expression. To dissect the effects of TSP-1 loss on adipose tissue inflammation, we assessed cytokine and chemokine expression in perigonadal adipose tissue. In both HFD and HCLFD groups, TSP-1-null mice had significantly lower adipose TNF-␣ mRNA expression levels than corresponding WT animals (Fig. 7A) . In contrast, TSP-1 loss did not significantly affect IL-1␤, IL-6, MCP-1, and IP-10 mRNA expression (Fig.  7, B-E) . Moreover, mRNA expression of type I collagen and of the profibrotic growth factor TGF-␤ were significantly reduced in TSP-1-null animals fed the HCLFD compared with corresponding controls (Fig. 7, F and G) .
In vitro, TSP-1 stimulates 3T3-L1 preadipocyte proliferation. Loss of TSP-1 attenuates weight gain and adiposity without significant effects on adipocyte size. This finding suggests that TSP-1 loss may affect adipocyte number by modulating their proliferation. To test this hypothesis, we studied the in vitro effects of TSP-1 on proliferation of 3T3-L1 preadipocytes, using a BrdU proliferation assay. In serum-starved cells, highconcentration TSP-1 (300 ng/ml) had a modest (11% increase) but statistically significant stimulatory effect on preadipocyte proliferation (Fig. 8A) . Serum-stimulated cells (1% FBS) showed markedly increased proliferative activity compared with serum-starved cells. TSP-1 stimulation significantly increased 3T3-L1 cell proliferation by 20 -30% (**P Ͻ 0.01 vs. unstimulated cells; Fig. 8A ). In contrast, leptin stimulation reduced the proliferative activity of 3T3-L1 cells and abrogated the proliferative effects of TSP-1 (Fig. 8A) .
TSP-1 has no effects on inflammatory gene synthesis by 3T3-L1 cells.
Because TSP-1 absence is associated with attenuated adipose tissue inflammation, we tested whether TSP-1 directly stimulates inflammatory gene expression in 3T3-L1 cells. Stimulation with TNF-␣ and IL-1␤ had no effects on IL-1␤ mRNA synthesis by 3T3-L1 cells but markedly upregulated TNF-␣, IL-6, and MCP-1 mRNA expression (Fig. 8,  B-E) . In contrast, TSP-1 did not significantly modulate inflammatory cytokine and chemokine gene expression in either the presence or the absence of leptin (Fig. 8, B-E) . TNF-␣, leptin, and TGF-␤, but not TSP-1, induced significant upregulation of TGF-␤1 mRNA synthesis in 3T3-L1 cells (Fig. 8F) .
DISCUSSION
Adipose tissue growth in obese subjects is associated with extensive alterations in the extracellular matrix. In rodent models of obesity, collagen genes are markedly upregulated in perigonadal fat, leading to expansion of the adipose interstitial space (23) . In obese human patients, pericellular fibrosis is noted in both omental and subcutaneous adipose tissue (9) . Matrix proteins in the remodeling fat not only serve to provide mechanical support, but also to regulate signaling cascades, thus modulating phenotype and function of both adipocytes Fig. 2 . TSP-1 loss reduces adiposity without affecting food intake and energy expenditure. DEXA studies demonstrated that total body fat was significantly reduced in TSP-1-null mice fed HCLFD (A) or HFD (B). TSP-1 loss also attenuated abdominal adiposity in both HCLFD (C) and HFD (D) groups (*P Ͻ 0.05, **P Ͻ 0.01 vs. corresponding WT) (HFD: WT n ϭ 15, Ϫ/Ϫ n ϭ 19; HCLFD: WT n ϭ 15, Ϫ/Ϫ n ϭ 10). In a cohort of mice fed regular chow diet for 6 mo (n ϭ 7), TSP-1 loss did not affect food intake (E) or energy expenditure (F). and nonadipocytes. Our study provides new insights into the role of the extracellular matrix in weight gain, adiposity, and metabolic dysfunction in diet-induced obesity. Using genetically targeted mice, we found that the prototypical matricellular protein TSP-1 mediates adipose tissue growth and metabolic dysfunction in mice fed a HCLFD or a HFD. Moreover, we report for the first time that the effects of TSP-1 are not related to its potent angiostatic properties but may reflect inflammatory actions and direct effects on adipocyte proliferation. Matricellular proteins in adipose tissue. Because adipose tissue in obese subjects is actively remodeling, it is not surprising that obesity is associated with upregulation of several members of the matricellular family. SPARC expression is increased both in animal models of obesity (41) and in obese subjects (24) ; SPARC upregulation may reduce adipogenesis by attenuating mitotic expansion of preadipocytes (3) and by inhibiting adipocyte differentiation (32) . Serum and adipose tissue osteopontin levels are markedly increased in obese individuals (13) ; osteopontin upregulation may mediate infiltration of fat tissue with proinflammatory macrophages, contributing to the development of metabolic dysfunction (33) . Tenascin-C expression is also increased in visceral adipose tissue harvested from obese individuals; however, its potential role in the pathogenesis of adipogenesis remains unknown (4) .
TSP-1 upregulation in adipose tissue. Induction of TSP-1 in adipose tissue has been consistently reported in mouse (46) and rat (18) models of obesity. In tissue harvested from obese human subjects, TSP-1 expression was markedly upregulated (35) in both adipocytes and infiltrating macrophages (44); TSP-1 levels were associated with adipose tissue inflammation and metabolic dysfunction (44) . In our study, mice fed a HFD exhibited significant upregulation of TSP-1 mRNA in perigonadal fat but not in subcutaneous adipose tissue (Fig. 1B) . In perigonadal fat, TSP-1 protein was predominantly localized in the adipose interstitium and in perivascular areas. The mechanism responsible for TSP-1 induction in activated adipose tissue remains unknown. Our immunohistochemical and in vitro findings suggest that differentiated adipocytes are not a major source of TSP-1. Undifferentiated 3T3-L1 preadipocytes, but not differentiated adipocytes, exhibit high levels of TSP-1 expresssion (Fig. 1) . Shitaye et al. (37) have previously reported that adipocyte differentiation decreases TSP-2 expression in adipocytes. Taken together, these observations may indicate that adipocyte maturation is associated with decreased synthesis of matricellular genes. Moreover, cytokine Fig. 3 . TSP-1 loss attenuates insulin resistance and metabolic dysfunction in diet-induced obese mice. Serum glucose (A) and insulin (B) levels and HOMA-IR (C) were compared between WT and TSP-1-null animals (n ϭ 10 per group). A: compared with WT animals, TSP-1 Ϫ/Ϫ mice had reduced plasma glucose levels when fed HCLFD (but not when fed HFD). In HCLFD (B) and HFD (C) groups, TSP-1 loss was associated with reduced plasma insulin levels and HOMA IR, reflecting attenuated insulin resistance. D: serum cholesterol levels were also lower in TSP-1-null mice fed HCLFD compared with corresponding WT animals. E and F: serum FFA levels were significantly increased in TSP-1-null mice fed HCLFD or HFD (E); TSP-1 absence was associated with increased serum triglyceride levels only in animals fed HFD. G and H: serum leptin levels were markedly lower in TSP-1 Ϫ/Ϫ mice fed HCLFD compared with WT animals (E); reduced serum leptin in TSP-1-null mice was associated with attenuated expression of adipose tissue leptin mRNA (F). stimulation does not significantly upregulate TSP-1 expression in adipocytes (Fig. 1D) . In contrast, adipose vascular cells and macrophages are capable of secreting large amounts of TSP-1. In vitro, high glucose levels potently stimulate TSP-1 synthesis, inducing a 30-fold increase in TSP-1 expression in isolated endothelial cells, smooth muscle cells, and fibroblasts (39) . Thus, increased adipose TSP-1 levels in mice fed a HFD may reflect accentuated synthesis of the matricellular protein by nonadipocytes in response to elevated glucose levels or an increase in the number of undifferentiated adipocyte progenitors.
Role of TSP-1 in weight gain, adiposity, and metabolic dysfunction. Three recently published studies have suggested somewhat contradictory effects of TSP-1 loss on metabolic function. Olerud et al. (34) systematically compared pancreatic islet function in TSP-1-null and WT mice. Despite an increase in ␤-cell mass, TSP-1-null animals were glucose intolerant, exhibiting decreased glucose-stimulated insulin release and proinsulin biosynthesis. Defective islet function in TSP-1-null mice was due to impaired TGF-␤ activation. The exclusive localization of TSP-1 in the islet endothelium suggested that endothelial-derived TSP-1 activates islet TGF-␤, thus providing crucial functional support for pancreatic ␤-cells through a paracrine mechanism (34) . On the other hand, Voros and Lijnen (45) compared adipose tissue development between WT and TSP-1-null animals (both male and female) fed a high-fat diet (42% fat content) and found no significant effects of TSP-1 loss on body and adipose tissue weight and on metabolic function. A third study, that by Li et al. (28) , found that male TSP-1-null mice fed a HFD (60% fat) had improved glucose tolerance compared with WT controls. The conflicting findings on the role of TSP-1 in obesity and metabolic dysfunction likely reflect the complex and context-dependent actions of the TSP-1 molecule, which is capable of modulating a wide range of cellular effects and molecular interactions in many tissues. As a multidomain matricellular protein, TSP-1 transduces integrin-mediated signals, activates TGF-␤, regulates growth factor signaling, and modulates inflammatory pathways; the relative significance of each one of these interactions is dependent on the experimental context. Thus, differences in the Ϫ/Ϫ animals, expression of endothelialspecific genes CD31 and VE-cadherin was assessed in perigonadal adipose tissue (HCLFD: WT n ϭ 17, Ϫ/Ϫ n ϭ 18; HFD: WT n ϭ 20, Ϫ/Ϫ n ϭ 14). Adipose tissue CD31 and VE-cadherin mRNA expression was significantly higher in mice fed HFD; however, TSP-1 loss did not affect endothelial gene transcription. Fig. 4 . Effects of TSP-1 loss on adipocyte size. A: hematoxylin-eosin-stained sections were used to quantitate adipocyte size in perigonadal and subcutaneous fat in 6-mo-old animals (n ϭ 10 per group). B: mice fed HFD had higher adipocyte size in perigonadal fat than those fed HCLFD in both WT and TSP-1-null groups (^P Ͻ 0.05,^^P Ͻ 0.01 vs. corresponding HCLFD). However, TSP-1 loss did not affect adipocyte size in both HFD and HCLFD groups. C: in subcutaneous fat no significant differences in adipocyte size were noted. composition and duration of the diets and in genetic background, sex, and age of the animals may account for the divergent observations. Our work shows that in animals fed a HFD (60% fat content) or a HCLFD (10% fat content), TSP-1 loss was associated with a marked reduction in weight gain and significantly decreased accumulation of adipose tissue ( Fig. 2 and Table 4 ). TSP-1-null mice also had reduced insulin resistance and attenuated metabolic dysfunction: glucose, insulin levels, and HOMA-IR were significantly lower in TSP-1-null animals (Fig. 3) . Taken together, the findings suggest that in both high-carbohydrate and high-fat diet groups, TSP-1 mediates weight gain and adipose tissue growth. Fig. 6 . TSP-1 loss attenuates infiltration of adipose tissue with macrophages. A: immunofluorescent staining for macrophage marker Mac2 was used to quantitatively assess macrophage density in adipose tissue. B: macrophage-to-adipocyte ratio was significantly increased in animals fed HFD compared with HCLFD animals (*P Ͻ 0.05 vs. HCLFD). TSP-1 loss reduced macrophage infiltration in mice fed HCLFD but not in animals fed HFD (n ϭ 7 for HFD mice; n ϭ 10 for HCLFD groups). C: mRNA expression of macrophage-specific gene CD68 was assessed in perigonadal adipose tissue (HCLFD: WT n ϭ 17, Ϫ/Ϫ n ϭ 18; HFD: WT n ϭ 20, Ϫ/Ϫ n ϭ 14). Findings were consistent with immunohistochemical observations. TSP-1-null mice fed HCLFD exhibited significantly lower CD68 mRNA expression than corresponding WT mice, suggesting attenuated macrophage infiltration. Cellular basis of TSP-1-mediated weight gain and metabolic dysfunction. The effects of TSP-1 loss on weight gain were not associated with alterations in food intake and energy expenditure ( Fig. 2 and Ref. 28 ) but may involve actions on adipose tissue growth and metabolic function. First, TSP-1 may exert direct effects on adipocytes, promoting their proliferation and activation. Our in vivo experiments showed no statistically significant differences in adipocyte size between WT and TSP-1-null groups. Considering the marked reduction in adiposity, this finding suggests that TSP-1 loss may be associated with reduced adipocyte numbers. Our in vitro experiments provide, for the first time, evidence suggesting proliferative effects of TSP-1 on adipocytes. Second, TSP-1 may induce metabolic dysfunction by enhancing adipose inflammatory activity. In our diet-induced obese mice, we found that TSP-1 loss attenuated macrophage infiltration (Fig. 6 ) and reduced adipose TNF-␣ mRNA expression, suggesting proinflammatory actions of TSP-1 (Fig. 7) . Reported associations between adipose TSP-1 expression and inflammatory activity in obese human subjects (44) provide further support for this potential mechanism. TSP-1 may promote inflammation by enhancing macrophage recruitment and activity (29) and by promoting activation and clonal expansion of inflammatory T cells (42) . Any proinflammatory actions of TSP-1 likely involve nonadipocytes; our in vitro experiments did not reveal direct effects of TSP-1 on cytokine and chemokine expression by 3T3-L1 cells. Third, TSP-1 may act through its potent angiostatic functions (26) , thus potentiating adipocyte hypoxia and enhancing adipose inflammation. TSP-1 may be responsible for pathological expansion of the adipose tissue after exposure to HFD (40) , limiting angiogenesis and accentuating inflammatory signaling. However, quantitative assessment of the adipose vasculature using both histochemical staining and measurement of mRNA levels of the endothelial-specific genes CD31 and VE-cadherin (Fig. 5) suggest that TSP-1 loss does not significantly modulate angiogenic activity in the adipose tissue. Fourth, the significant hyperglycemia observed in TSP-1-null animals fed a HFD, despite reduced adiposity and lower insulin levels, may indicate a defect in insulin release. Olerud and coworkers have demonstrated that TSP-1 loss is associated with a defect ␤-cell function that persists in aged mice and is due, at least in part, to impaired TGF-␤ activation (10, 34) . Finally, TSP-1 may play an important role in uptake of fatty acids; increased serum FFA and triglyceride levels in TSP-1-null mice (Fig. 3 ) may reflect impairment in fatty acid uptake by adipocytes. Lack of CD36, a key ligand of TSP-1, is also associated with defective uptake of FFAs by adipocytes (16, 17) , suggesting that TSP-1 deposition in the adipose intersti- Fig. 8 . TSP-1 enhances proliferative activity but does not modulate inflammatory gene expression in 3T3-L1 preadipocytes. A: stimulation with TSP-1 (T, 300 ng/ml) modestly but significantly increased proliferative activity of 3T3-L1 cells in the absence of FBS. In the presence of 1% FBS, TSP-1 increased 3T3-L1 proliferation by 20 -30%; in contrast, leptin (L) stimulation exerted antiproliferative actions (n ϭ 6). B: expression of IL-1␤ by 3T3-L1 cells was not modulated by TSP-1 or inflammatory cytokine stimulation. C: in contrast, IL-6 mRNA synthesis was markedly upregulated by IL-1␤ and significantly increased by TNF-␣ and TGF-␤. TSP-1 and leptin stimulation had no significant effects on IL-6 transcription. D and E: TNF-␣ and IL-1␤, but not TSP-1, increased TNF-␣ (D) and MCP-1 (E) mRNA expression by 3T3-L1 adipocytes. F: leptin (100 ng/ml) and TNF-␣ modestly but significantly increased TGF-␤1 mRNA synthesis. TGF-␤1 stimulation was the most potent stimulator, increasing its own expression by 100%. TSP-1 had no effects on TGF-␤1 mRNA expression by 3T3-L1 cells (n ϭ 3). tium may facilitate CD36-mediated uptake of fatty acids. Loss of the inhibitory effects of fatty acids on basal and insulinstimulated leptin release by adipocytes may also explain the relatively high leptin levels observed in TSP-1-null mice fed a HFD despite a significantly reduced adiposity (Fig. 3) . Much like TSP-1-null mice, CD36 knockouts also exhibit increased circulating leptin levels (16) .
Which molecular signals may mediate TSP-1 actions in adipose tissue?. The TSP-1 molecule has multiple functional domains and, in a typical matricellular fashion, interacts with cytokines and growth factors, or modulates cell phenotype, through activation of specific receptors. Many biological effects of TSP-1 are mediated through binding to CD36, a widely expressed surface glycoprotein that functions as a scavenger receptor but also acts as a fatty acid translocase with an important role in lipid uptake in fat and other tissues (6, 38) . CD36 absence protects mice from diet-induced insulin resistance and hyperlipidemia attenuating adipose inflammation (22) ; the beneficial actions may be due to decreased recruitment of proinflammatory macrophages in the adipose tissue (31) . The similarities between our findings in TSP-1-null animals and the reported phenotype of CD36-null mice in diet-induced obesity models (16, 22, 31) may reflect the involvement of CD36 in TSP-1 signaling. Binding and activation of ␤ 1 -and ␤ 3 -integrin-mediated pathways is another common mechanism of TSP-1-mediated responses. Although the involvement of integrins in modulation of adipocyte behavior by TSP-1 has not been documented, adipocytes are known to engage tyrosine kinase signaling in response to ␤ 1 -integrin activation (15) . Modulation of growth factor responses may represent an additional molecular mechanism of action for TSP-1 in adipose tissue. As a crucial TGF-␤ activator (7), TSP-1 may modulate the phenotype of both adipocytes and nonadipocytes in fat tissue by facilitating transduction of TGF-␤ signaling cascades.
Conclusions. Diet-induced obesity triggers dynamic changes in the extracellular matrix of adipose tissue. The remodeling adipose matrix not only provides support for activated adipocytes but also regulates the function of both adipocytes and nonadipocytes by modulating signaling cascades. The matricellular protein TSP-1 is upregulated in adipose tissue and contributes to the dynamic events associated with adipose remodeling mediating weight gain, adipose tissue growth, and metabolic dysfunction. Inflammatory activation of macrophages, accentuated adipocyte fatty acid uptake, and increased adipocyte proliferation may be in part responsible for the effects of TSP-1 in weight gain and in obesity-associated metabolic dysfunction. Dissection of the functional domains responsible for the effects of TSP-1 in adipose tissue biology may allow development of peptide-based strategies to inhibit detrimental TSP-1-mediated responses in obese individuals. 
